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Introduction
The bearing capacity of foundations under static loads has been an extensively studied topic in soil mechanics. On the basis of the works of Prandtl (1921) and Terzaghi (1943) , several researchers (Caquot & Kerisel, 1953; Meyerhof, 1963; Hansen, 1970; Vesic, 1973 ; among others) have developed theories for estimating the load capacity of shallow foundations, considering the influence of geometry, embedment depth, and eccentricity and inclination of loads. Despite the inherent limitations of these theories (Bowles, 1996; Lee & Salgado, 2005) , they have been successfully used by geotechnical and foundation engineers for many years. However, the problem of the seismic bearing capacity of shallow foundations is far from being considered solved.
The first studies related to the seismic effect on the bearing capacity were those carried out by Meyerhof (1951; 1953) and Shinohara et al. (1960) , who adopted a pseudo-static approach. By applying horizontal and vertical accelerations to the center of gravity of the structure, the problem is reduced to a static case of bearing capacity with inclined and eccentric loads (Soubra, 1999) . Nevertheless, in these methods the inertial effects on the soil mass beneath the foundation are not considered and this could have important effects on the overall system response (Sarma & Iossifelis, 1990; Soubra, 1999; CEN Eurocode 8, 2004 ).
Subsequently, researchers such as Sarma & Iossifelis (1990) , Richards et al. (1993) , Budhu & Al-Karni (1993) , Kumar & Kumar (2003) and Choudhury & Subba Rao (2005) have studied the problem of the seismic bearing capacity of shallow strip foundations under vertical loads by using limit equilibrium and considering the inertia effects in both soil and structure. Nonetheless, it is well known that the limit equilibrium method provides solutions which cannot be said to be an upper or a lower-bound one with respect to the exact solution (Soubra, 1997) ; mainly because this method neglects the stress-strain relationship of the soil and, according to the mechanics of solids, this condition must be satisfied for a complete solution (Chen & Scawthorn, 1970) . For this reason, authors such as Dormieux & Pecker (1995) , Paolucci & Pecker (1997) , Soubra (1997; 1999) , Zhu (2000) and Ghosh (2008) have addressed this problem in a more rigorously way by using the upper bound theorem of limit analysis theory (Chen & Scawthorn, 1970; Chen, 1975) for an associated flow rule Mohr-Coulomb material. It has allowed obtaining a series of upper envelopes of the exact solution and thus establishing a comparison between the different existing theories. Moreover, during last years the problem of seismic bearing capacity of foundations on slopes or near to them has received attention (Choudhury & Subba Rao, 2006; Yang, 2009; Castelli & Motta 2010; Saada et al., 2011; Farzaneh et al., 2013) . However, it has to be mentioned that, although the solutions obtained by using the upper bound theorem of limit analysis theory are rigorous ones and allows limiting the exact solution, they correspond, in general, to an unsafe estimate of the failure load. For this reason, at present the efforts are aimed to improve the existing solutions available in the literature.
Estimation of the seismic bearing capacity of shallow foundations Traditional approaches
In the context of engineering practice, one of the traditional ways in which the seismic design of shallow foundations has been addressed consists in increasing the allowable bearing capacity of soil derived for the static case (for a minimum factor of safety of 3.0) by percentages ranging from 20% to 50% (33% is commonly used for most cases). This mentioned increase of the allowable soil pressures is directly related to the probability of occurrence of the design earthquake. This can be interpreted as a reduction of the factor of safety used when earthquake loads in addition to static loads are used in design of the foundation (Puri & Prakash, 2007) . In this regard, Peck et al. (1974) suggests that, for foundations on clay, the factor of safety against failure of soil should not be less than 2.0 for extreme loads, which is equivalent to increase the static allowable soil pressures by a percentage of 50%. On the other hand, some building codes in the United States (known as Model Building Codes) as, for example, the International Building Code (ICC IBC, 2012) permit adopting an increase of 33% in allowable bearing capacity of soil (rock, gravel, sand or clay) when load combinations include wind or seismic loads. According to Day (2006) , this recommendation may be reasonable for dense granular soils, stiff to very stiff clays or hard bedrocks but is not applicable for friable rock, loose soils susceptible to liquefaction or pore water pressure increase, sensitive clays or clays likely to undergo plastic flow.
Another traditional way to address this problem consist in adopting an equivalent pseudo-static approach. The effects of both lateral and eccentric loads representing the seismic action are incorporated to the bearing capacity equations by using load inclination factors and effective footing dimensions. For this type of analysis, the general bearing capacity equations as proposed, for example, by Meyerhof (1963) , Hansen (1970 ), or Vesic (1973 are commonly used, considering a minimum factor of safety against failure of soil of 2.0. However, as already mentioned, this type of methods has the limitation of disregarding the inertial effects on the soil-structure system.
Particularly, in Chile, the seismic design codes (INN NCh433:1996 Mod. 2009 INN NCh2369:2003 , 2003 -72, 1987) . On the other hand, the foundation loads for use in a pseudo-static bearing capacity analysis of shallow foundations may be evaluated either by applying a pseudostatic load to the structure or from the results of a dynamic response analysis, in which case the reader is referred to the work of Lam & Martin (1986) for guidance on the stiffness matrix method approach. Finally, for design verification, either Allowable Stress Design (ASD) method or Load and Resistance Factor Design (LRFD) method can be used. With the introduction of LRFD, it is intended to maintain the overall factor of safety for foundations at similar levels as the ones required by ASD (about 3.0 for static loads and about 2.0 for static plus seismic loads).
Analytical methods
Bearing capacity defines the load that a soil foundation can sustain at the state of incipient failure. In the static case, the bearing capacity q ult is usually calculated by superposition of the contributions from surcharge loading q, soil cohesion c, and soil unit weight . For shallow strip foundations under vertical central loading, Terzaghi (1943) proposed to use the following expression (Eq 1). Where B is the width of the foundation and N c , N q and N  are the bearing capacity factors, that depend on the angle of internal friction of the soil.
The available analytical methods for estimating the seismic bearing capacity of shallow foundations, based on either limit equilibrium or limit analysis theories, have maintained the general form of equation (1), and thus have emphasized in both obtaining the bearing capacity factors for the seismic case and determining seismic (E) to static (S) bearing-capacity ratios. In general, to solve this problem these methods consider a foundation system under a vertical central load P and a surcharge q on the foundation level (the lateral passive resistance of the soil above this level is neglected). The seismic effect is considered (in a pseudo-static way) in both soil and structure by the inclusion of inertia forces (the base shear load, the inertia forces acting over the soil in motion, and the surcharge loading). The magnitude of these forces is related to the horizontal and vertical accelerations acting over the soil-foundation system (a h and a v , respectively). In pseudo-static analyses, these accelerations are commonly represented by seismic coefficients k h and k v , expressed as a fraction of the acceleration of gravity g. (the vertical seismic coefficient is usually ignored). On the other hand, to formulate the equilibrium of forces and obtaining the seismic bearing capacity factors, these methods consider a certain failure mechanism composed of three zones: an elastic active zone (I), a transition zone (II), and a passive zone (III), such as occur in the static case ( Figure 1a) . However, the accelerations of a seismic event produce a non-symmetric failure mechanism, which is shallower than the static failure mechanism (Budhu & Al-Karni, 1993) . Some authors, such as Richards et al. (1993) consider a simplified Coulomb failure mechanism in which the Prandtl (1921) transition zone is eliminated. This effect is compensated by concentrating the shear transfer along the line AC, as shown in Figure 1b . In this way, the line AC can be thought of as an imaginary retaining wall with the active lateral pressure from zone I pushing against the passive resistance from zone III. From equilibrium of the two wedges involved, bearing capacity factors for each component of strength can be obtained. Budhu & Al-Karni (1993) ; b) Simplified failure mechanism (static case). Source: Adapted from Richards et al. (1993) .
In order to illustrate the influence that seismic loads have on bearing capacity factors, the case of a shallow strip foundation under vertical central loading supported by a soil with =30° and no cohesion is considered. Figure 2a shows the variation of the seismic bearing capacity factor   with the horizontal seismic coefficient k h , according to different methods based on limit equilibrium theory; whereas Figure  2b shows the same for different methods based on limit analysis theory. In all cases it is noticed a severe reduction of N E factor with increasing acceleration. In general, within methods based on limit analysis theory, it is observed that the method developed by Soubra (1999) gives the best upper-bound solution. It can be also noticed that the solution proposed by Richards et al. (1993) , developed in the framework of limit equilibrium theory by considering a simplified failure mechanism, gives results that are in good agreement with those reported by Soubra (1999) . The limit equilibrium solutions provided by Budhu & Al-Karni (1993) , Zhu (2000) and Choudhury & Subba Rao (2005) are those that give the lowest values for the N E factor. However, as previously mentioned, the relation between these solutions and the exact ones cannot be established beforehand. For this reason these results must to be interpreted cautiously.
On the other side, seismic to static bearing-capacity ratios as function of seismic coefficient k h are shown in Table 1 . For this analysis, only the methods proposed by Sarma & Iossifelis (1990) , Richards et al. (1993) , Budhu & Al-Karni (1993) , Soubra (1999) and Choudhury & Subba Rao (2005) are considered, because they are aimed to obtain all bearing capacity factors, unlike what happens with the other methods already mentioned, which are focused on the calculation of N factor. In all cases, it can be observed a rapid decreasing of the seismic to static bearing-capacity ratios with increasing acceleration. Despite the differences between the theories considered, regarding to their assumptions and solution methods, a good agreement is observed between results obtained by using the theories proposed by Sarma & Iossifelis (1990) , Soubra (1999) , and Richards et al. (1993) , with the exception of the case of ratio N cE /N cS . This difference is due to the way in which Richards et al. (1993) have obtained the factor N cE . In fact, they have used the relation N cE = (N qE -1) cot without any real justification (Richards et al., 1993; Soubra, 1999) . On the other hand, the theories developed by Budhu & Al-Karni (1993) and Choudhury & Subba Rao (2005) are those that give the lowest seismic to static bearingcapacity ratios. However, this latter method predicts a particularly dramatic reduction in the values of all the bearing capacity factors, even for low to moderate k h values. 
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Methodology
The influence that seismic loads have on the reduction of bearing capacity factors highlights the need to obtain a measure of the reliability associated with both calculation methods and safety factors commonly used in practice for seismic design. In the present study, a parametric comparative analysis of different methods for estimating seismic bearing capacity of foundations was carried out. Shallow strip foundations under vertical central loading were considered. Different seismic coefficients k h , embedment depths D, and soil properties (unit weight , angle of internal friction , and cohesion c) were adopted. Table 2 shows the parameters used in the analysis with their respective ranges of variation. In order to have a measure of the reliability associated with the practice consisting in estimating seismic bearing capacity through an increase of 33% in static allowable soil pressures, a reliability index (RI) called RI 1 is defined as follows in (Eq. 2)., where q ultE is the ultimate seismic bearing capacity of soil, obtained by using different analytical methods, and q allS is the respective static allowable bearing capacity determined by using the method proposed by Meyerhof (1963) , considering a factor of safety against failure of soil of 3.0. In a similar way, in order to have a measure of the reliability associated with the practice consisting in estimating seismic bearing capacity through an equivalent pseudo-static approach (general bearing capacity equations), an index called RI 2 is defined as follows in (Eq. 3)., where q ultE was defined previously and q allM correspond to the allowable bearing capacity determined by using the method proposed by Meyerhof (1963) , considering a factor of safety against failure of soil of 2.0. In this latter calculation, the effect of seismic loads is included by the use of load inclination factors in bearing capacity equations, in addition to the typical shape and depth factors. With respect to the analytical methods used for the seismic bearing capacity calculations, those proposed by Richards et al. (1993) , Budhu & Al-Karni (1993) , and Soubra (1999) were used. These methods are considered to be representative of both limit equilibrium and limit analysis theories and also cover a wide range of the values of bearing capacity factors. Thus, three RI 1 indexes and three RI 2 indexes were obtained for each set of parameters considered, which allows assessing the variability of the results and also the sensitivity of each method due to the parameters variations.
Results
In an illustrative way and, for the sake of brevity, Figure 3 shows the results obtained from the analysis of a shallow strip foundation with B=1.0m, supported by a soil with =17kN/m 3 , =35° and no cohesion (c=0). Three sub-cases were considered (a, b and c respectively), with embedment ratios D/B of 0.5, 1.0 and 1.5. It can be noticed that practically in all cases, taking as a reference the method proposed by Budhu & Al-Karni (1993) , values of RI 1 below to 1.0 are obtained, which imply that the traditional approaches for estimating seismic bearing capacity of foundations could be unsafe. However, very different results are obtained when theories proposed by Richards et al. (1993) and Soubra (1999) are taken as a reference. In this way, in relation to the RI 1 index, it is observed that for seismic coefficients below 0.2, reliability indexes greater than 1.0 are obtained, reaching values up to 1.60 for k h =0.1. Nevertheless, it is noted that for k h >0.2 the results show that the practice consisting in estimating seismic bearing capacity through an increase of 33% in static allowable soil pressures could be on the unsafe side. In addition, the increase in embedment depth not implies significant improvements on the reliability indexes.
On the other hand, it is observed that the RI 2 index is always greater than the RI 1 index, showing values above 1.0 for all cases considered, and up to 2.0 in the case of moderate earthquakes. Moreover, it can be noted that as the embedment depth increases, the reliability associated with the practice consisting in estimating seismic bearing capacity through the general bearing capacity equations proposed by Meyerhof (1963) decreases with respect to the results given by the analytical methods.
On the other side, Figure 4 shows the results obtained from the analysis of a shallow strip foundation with B=1.0m, resistance parameter, mainly for the case of moderate earthquakes in which both RI 1 and RI 2 indexes increases considerably. However, it is possible to see that according to this theory the traditional approaches for estimating seismic bearing capacity of foundations could be unsafe practically in all cases. In relation with the reliability values obtained taking as a reference the theories proposed by Richards et al. (1993) and Soubra (1999) , a similar tendency to the results shown in Figure 3 is observed. The use of an increasing factor of 1.33 for the static allowable pressures calculated by the method proposed by Meyerhof (1963) in order to estimating the seismic bearing capacity, gives results for the reliability index RI 1 that could be less than 1.0 for earthquakes represented by seismic coefficients above 0.17.
Instead, the index RI 2 is always greater than 1.0, for all seismic coefficients considered. Finally, it can be seen that as both cohesion and seismic coefficient increases, the results obtained with respect to each analytical method differ increasingly. This is due to the way the different authors obtain the seismic bearing capacity factor N cE , which affects the way the ratio N cE /N cS is reduced (Table 1 ). 
Discussion
The results shown above must to be interpreted in light of available evidence in earthquakes. Generally speaking, foundations may experience a reduction in bearing capacity and increase in settlement and tilt due to seismic loading. This may happen due to cyclic degradation of soil resistance properties during the earthquake, the generation of soil pore pressures at the end of the earthquake, or due to the occurrence of liquefaction, among other reasons. In this sense, although foundation failures only due to problems associated with bearing capacity has been observed, for example, during the 1971 San Fernando earthquake in the United States (Whitman & Bielak, 1980) or the 1978
Miyagihen-Oki earthquake in Japan (Okamoto, 1978) , most of failures of foundations during earthquakes are related to the occurrence of liquefaction (Richards et al., 1993; Kramer, 1996; Bray & Dashti, 2012) . In this way, for instance, during the 27 February 2010 Maule earthquake (M w =8.8) in Chile, a series of buildings and critical lifeline structures such as ports, bridges, industrial facilities, railroads and roadway embankments were strongly damaged due to this phenomenon Ledezma et al., 2012; Assimaki et al., 2012) , which was the most commonly observed mode of failure. For this reason, the reliability indexes RI 1 and RI 2 obtained taking as a reference the theory developed by Budhu & Al-Karni (1993) are particularly noteworthy, since they are contradictory with respect to the behavior of foundations observed during major earthquakes.
On the other hand, whereas the practice consisting in estimating seismic bearing capacity through an equivalent pseudo-static approach by using the equations proposed by Meyerhof (1963) gives values for the reliability indexes that are in good agreement with experimental evidence, it is observed that, for high seismic coefficients, the use of the practice consisting in estimating seismic bearing capacity through an increase of 33% in static allowable soil pressures could be unsafe. This necessarily leads to the question about the pertinence of the use of such increasing percentage. Figure 5 shows how reliability indexes presented in Figure 3 vary when no increasing on static allowable soil pressures is considered, whereas Figure 6 shows the same in relation with the results shown in Figure 4 . For these analyses, an index RI 3 is defined as (Eq. 4). It can be noted that although RI 3 values increases to levels similar to those obtained for RI 2 in the case of moderate seismic coefficients, as k h increases, the practice associated to the use of an equivalent pseudo-static approach still providing greater reliability with respect to the ultimate seismic load predicted by the analytical methods considered.
Finally, a key aspect for evaluating the reliability given by the existing approximate design methods is related to the choice of k h . Typically, when pseudo-static analyses are used, seismic coefficients expressed as a percentage of the expected maximum ground acceleration (a max ) at the zone of interest (in this case, on the foundation level) are utilized (Sanhueza & Villavicencio, 2012) . In general, the percentages used vary from 33% to 50% (Kramer, 1996) . In particular, in Chile, in absence of a seismic risk study that allows to properly determine the value of a max , for design purposes, the Highway Manual of the Ministry of Public Works (MOP Highway Manual, 2012) (INN NCh433:1996 Mod. 2009 . Otherwise, the following expressions developed by Saragoni (1993) can be used (Eq. 5). These two alternatives give values of k h that can vary, typically, from 0.10 to 0.22, which allows to determine ranges of applicability of the presented methods and also giving recommendations for design purposes. 
Conclusions
This paper presents an analysis of the seismic bearing capacity of shallow strip foundations. Through a parametric study, the reliability associated to the traditional procedures for estimating the mentioned bearing capacity with respect to the results given by available analytical methods developed in the framework of both limit equilibrium and limit analysis theories was evaluated. From the results obtained, the following conclusions can be addressed:
In the opinion of the authors, the method proposed by Budhu & Al-Karni (1993) should not be used for estimating seismic bearing capacity of shallow strip foundations, since it gives results that are contradictory with respect to the behavior of foundations observed during major earthquakes, in both Chile and the rest of world.
In general terms, it was found that the theories proposed by Richards et al. (1993) and Soubra (1999) give results that are in good agreement with the available experimental evidence. Thus, it is possible to recommend its use for practical purposes, preferring the first of them because its simplicity regarding both formulation and application.
In relation with the practice consisting in estimating seismic bearing capacity through an equivalent pseudo-static approach by using the general bearing capacity equations, as proposed for example by Meyerhof (1963) , it was found that its use is reliable compared with the ultimate load predicted by the analytical methods for all seismic coefficients considered in the analysis. However, the values obtained for RI 2 index shown that as k h increases, reliability decreases from values about 2.0 to 1.30 approximately for the seismic coefficients typically used in Chile. Although these values are considered satisfactory from a theoretical point of view, they are less than the safety factors commonly used in geotechnical engineering for design of foundations under seismic or dynamic loads.
Finally, in relation with the practice consisting in estimating seismic bearing capacity through an increase of 33% in static allowable soil pressures, it was found that its use may lead, mainly for seismic coefficients greater than 0.20, to results on the unsafe side. For this reason, it is recommended to review the adequacy of this practice and avoid the use of increasing percentages greater than 33%, especially for the case of foundations on granular soils, due to its vulnerability to seismic densification.
